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ABSTRACT 

A large-scale cycle of available  potential  energy  in  the  Korthern  Hemisphere over a 
period of about  two  weeks  during  late 1)ecernhcr 1958 and  early  January 1950 has been 
investigated  in  some  detail.   Ihring  this  cycl?  the  zonal  avdable  potential  energy  first 
built  up  strongly  to a maximum, and then when it bcg:tn t o  decline,  increases  in  eddy  avail- 
able  and  eddy  kinetic  energy  took  place.  These  changes  in  the crwrgy parameters were 
well related  to  variations in the  poleward  heat  trnrrsport,  large  values of which signify 
substantial  conversions from zonal t o  eddy av:til:rble potential encrgy, and  to  variations 
in the  conversion  between  potential  and  kinetic  cnergy.  Furthermore  some  estimates of 
the  generation of available  potential  energy show good consistency  with  the  available 
potential  energy  variations.  Examination of this cycle of available  potential  energy  on a 
regional basis indicates  that  it  was  alrnost  completely  dominated by developments  over 
North  America  and  vicinity.  The  synoptic  events  associated wit,h t,his  energy cycle are 
also illustrated. 

1. INTRODUCTION 
Satellite  observations of solar  and  terrestrial  radi' 'L t '  1011 

will soon be  available  in  sufficient  quantity to providc 
the first direct  nleasurcn~ents of t'he global  heat butlgct. 
As radiation is nreasurcd on a continuing day-hy-day 
basis i t  will be of great  interest t'o stud?- not o111y the 
large-scale spntial and te~nport~l  varintiolls  in this basic 
planetary  heating,  but also t'lw mtnncr in wllic~h the 
atmosphere  reacts to  it.  Since  this  heating  is  indcctl 
basic  in nature,  any  clear-cut'  reactions of the ntrlrosphcrc 
t80 it would most  likely  be  found  in  some of the 111orc1 
fundalncntd :Ltrrlospheric pnrarneters that  directly IIICIS- 

ure  the  large-scale  energetics of the  circulation. In 
ptlrt'icular it seems appropriatme to investigat'e the role of 
radiational  heating  with  respect  to  the z o r d  trld eddy 
components of kinetic and a v d u b l c  potential  energy as 
defined, for exnmple, by Lorenz [4]. 

These  various energy con~ponent~s and tlle  typical flow 

tr.ition. 
1 This research has been supported by the National Aeronautics and Spacc  .Idminis- 
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FIGURE 1.-Proposcd energy cyclc for the  rarth's  atmosphc~rr~ (:tftc%r 
Lorenz [dl). Arrows  indicate  prevailing  directions of ellcrgy 
transformations.  Dashed  lines  indicate  that thcrc. is apprcwt ly  
no prevailing  direction. 

latitude circles may  eithcr  generate or dissipatc  the eddy 
available energJ--a prcdonninant t'rcnd in one dircction 
or the  other  has not' as Set  been  definitely  cst'ahlished. 
Eddy kinet'ic energy is partially  dissipated by  frict,ion 
and partially  converted to  zonal  kinetic  energy (much of 
the conversion  being  associated w-it11 the  polewsrd transfer 
of momentum).  The  zonal  kinctic  energy is mainly sub- 
ject t'o dissipat'ion by frict'ion, but a portion of it  may  be 
converted  back  into  zonal  available  potential energy. 

This  typical energy flow picture has been generally 
substant'iat'ed by empirical  evaluations of energy conver- 
sion terms  (White ancl Saltznlnn [13] ; WTiin-~ielserr  [14]; 
Saltzman ancl Fleisher [IO]; Jerlsen [I]).  Althougl~  this 
mode of energy flux is  representative ol conditions  that 
apparently  must  prevail on the  average,  it,  is  realized  that 
the  generation  and  transformation ol atmospheric  encrgg 
may  very well vary in  both  amount  and  dircction at 
various  times. This  is the case both  in  the  seasonal sense 
and also over  tirne  periods as short as a week or even :t day, 
particularly  when  the  energy  in only one hemisphere or 
less  is  considered. 

To investigRte more closely the  behavior of the  cnergy 
cycle  over  various  t,ime and  geographic scalcs a program 
for regular  daily  computation of several  ntrnospheric 
energy  parameters of the  Northern  Hemisphere  has been 
initiated  (Winston  [16]). As a substantial  sample of such 
calculations  accumulate, it will be possible to document' the 
energy  cycle  more  precisely.  Moreover, as radiation clnt'a 

observed by satellites also accumulate,  there will be an 
opporturlit'y to calculate t'lle  generatior1 of available 
potential energy  (prinlarily  the zonal component) and to 
study  the reactions of the energy  cycle to  variations  in 
this  radimt cncrgy. These are  areas of study for the 
future, however. 

For  the  present it is of' interest' to illustrate  an  actual 
case of a pronounced c y l e  of available  potential  energy 
which occurred during a pilot  period of 42 days of energy 
cornputations in the  winter of 1958-1959 (Winston [IC,]). 
This c:w seemed to fit the idenlized  energy flow picture to 
such it I1l:irlcecl degree that  it was of interest to ex:unine i t  
in SOII IC  det:til. Presentation of t'llis case is of special 
significance 1)~cnusc  it  is, to  our knowledge, the first  time 
that a. cyc~lc of lnrgc-sc:tlc  avnilable potential  energy has 
berw illvcstiglted  for  the actual :ltnnosphere. I n  general 
circultltion ~nodcl  experiments, on the other h:lnd (Phillips 
[ 8 ] ;  Sn1:tgorinslqv [I  a]) ,  thcrc h:ts bccn  cxtcnsivc "tltly-by- 
c1;ly" wl (*u l :~ t io~~  of potential :md kinctic cncrgy and  
c n e r g v  I . .  tr;lllsforln:rtiolIs. Y t t  it is surprising  tllat  there, 
has not l)(wl :L like body oT d a t a  computed from  the r e d  
:tttllosphcro to chcck similarities of the models and  the 
observetl  time  variations ol the atmospheric  energetics. 
Occasionally  the  energy c y l e  in the nlodcls has been com- 
p:xred to tlle index  cycle of the tltmosphere,  which was 
clescribcd in  detail  by  Rosshy and Willett [O], m d  indeed 
the energy cycle and index  cycle  in a gross  sense are often 
sirnilnr  pllrnorllcna.  However, RS sonw experience has 
heen  gained  with cncrgv parameters,  it  has heen found that 
the index  cycle and the energy cycle do not' always occur 
at   the S:~II.IC tinlc :111d with the same degree of intensit,y. 
'L'o :I grcut  extent  this is due to physically  real  differences 
in  the  behavior of t'lle zonal winds >Is contrasted with  the 
energetics of t<he flow. But' also it  is  in part due to tlle 
inadequacy of tlle zon:d index as a  general  circulation 
ptxrametcr. In fact, if one stresses t'he broader  connotation 
th:lt the term "index  cycle" has  attained,  particularly 
in  terms of cold air  penetrations  to lower latit'udes  and 
expantled circurnpolnr  westerlies (Samias [5];  Rossby  and 
Willctt [9]), then i t  is  highly probable that  the c1yn:mic 
m d  ther~l~odynarnic conscquences of the energy  cycle  are 
truly nmrc descriptive of these  typical "index-cycle" 
phenorncna than any index  vtlriations thcnlsclves. Thus, 
the cxpcdient of verifying  energetics of general  circula- 
tion rnodcls in the real atrnospl~ere by means ol t'llc  index 
cycle  is a patently crude  procedure. I t  must  be  pointed 
out, llowevcr, that  there have been  coInp:lrisons of the 
averup energetics of models with average valucs of energy 
transfortnations  computed for  tlle atnlospherc. 

The first published  calculations of available  poterltinl 
energy for  the  Northern  Hcmispllcrc  in  the x t u a l  atmos- 
pherc, which were made at  about  the same time, as  t'hose 
calculnted 1))- us, are some average vdues for t'he mont'h 
of February 1959 (Salt'zman  and  Fleisher [lo]). Their 
rcsult,s consist' not only of mont'hly  average  values of 
tot,al,  zonal,  and  eddy  available  potent'inl  energy,  but also 
t,he  components of the eddy  available  energy for individual 



The  average  available  potential  energy  per  unit' :lrc:t 
over the  entire earth's atmosphere  mav  be expressed by 
the following approximate  equation, as derived  by Jlorcrlz 
~41: 

iC 

where bars within  the  integral refer t'o :tver:tgcs over a l l  

entire isobaric  surfttce, T is temperature, rd is the dry 
adiabatic hpse rate, I' is the lapse rate, 2" is t'he tlevia- 
tion of the temperature  at any given  point  on  the  isobaric 
surface from its avcrnge v d u e  in that' surface, p is pres- 
sure, and p o  is the :xvcr:tgc prcss~m at  the surftlce of the 
earth. It should he noted th:Lt over short time. pcriotls 
(Le., of the order of days, weeks, or perhiips a montllj 
variations of :rvnilable potetrtial energy are csscntial1)- 
dependent upon variations  in  the  spttial vuriarlco of 
temperature on isobaric surfwes, (7'')  ', since the nmtn 
temperature and mean laps(> rates within :x11 isobaric sur- 
face are  rclativclJ-  constant'  with  time. In a lotlger-pcriotl 
sense (e.g., over several  months)  the  time  variatiotls  in 
available potential  energy itre, h o ~ e v e r ,  also influc~lcetl 
to a moderate degree by ctmlges in mean lapse rate a t l d  

to a lesser extent hy ch:tngcs in  nmm  tcmpcralurc. 
Availthle  potential cncrgy may also be expressed it1 

terms of two  component's,  a  zonal and an  eddy componc>nt' 
(Lorenz [4]). The expression for zonal  available  potc~ltial 
energy is 

- 

- 

- A"'2 lz (r(L-F) -1~-1m(/p, ( 2 )  

where the bracket rcfcrs to  :t 1:ttit'udin:tl ;~vcrage m d  
[TI' is the  departure of the  lntitudinnl average tcrnpcraturc 
from t'he  overall mean temperature. The  expression  for 
eddy available  potential energy is 

where T* is the dcpart'ure o l  the temperature a t  
point from  its  latitudinal average value. Thus, zonal 
available potential  energy is mainly  dependent  upon  the 
variance ol  tjhe  average  lntitudind t'emperaturcs, or 
essentially upon the  strength ol  the  north-sout'h  thcrmnl 
gradients, while eddy available  potential energy is rn:tinly 
a function of t'lle variance of temperature within  latitude 
circles, having a rninimum  value  when  isotherms arc 
parallel  t'o the  lat'itude circles and having  rnnsirnunl 

3 Temperature  data lecorded at  5' latitude and 10' longitude intervals  (diamond  grid) 
by tho Extended Forecast  Section of the Wcathcr IIurcau aerc used. 
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and 

where 

==c-n, bZ 

I n  these  expressions C represents  t'he  conversion  het'wecn 
potential  and  kinetic  energy, G is  the gener:rtion of avail- 
able  potential  energy, D is  the  frictional  dissipation of 
kinetic energy, R is t'he gas constant for dry air, w is equal 
to tip/& (verticd  motion  in pressure coordinates), Q is h e  
rate of tlddition of heat per unit III:LSS, and F is  the fric- 
tional  force. 

Generation of available  pot'entinl energy is greatest 
when there is n high  positive  covarinnce hctween heating 
and  ternperat>ure  (equation  (10)).  In other words, when 
the  atmosphere  is  heated where the temperature  is  high 
and cooled where the temperature is low there i s  consider. 
able  generation of nvailable  potcntinl  energy. Tile energy 
conversion term  appears  with  opposite sign in  equations 
( 7 )  and (8). Energy is  converted  from av:tilable potential 
energy to  kinetic  energy  when  there  is a correlation be- 
tween  vertical  mot'ion and tenlpcrature  such  that  upwml 
motion occurs in  the TV-~LI'LI~ air  and  downward  motion 
occurs in the cold air (equation (9)). On the  other  h:md, 
when t,he vertical  motion field is  reversed  relative  to  the 
tetnperature field, i.e.,  downward  motion  in the w m n  air 
and upwrwd motion  in  the cold air, the killetic  energy  is 
converted  to  available potcnti:ll energ)-. 

It, is  obvious  from  these  expressions that  the plnce w\-herc 
radiational  heating p1aJ-s an itnport:mt  role is in thc gerlcr- 
ation of avai1;Lble potentinl  energy  (equation ( I O ) ) ,  This 
will be 0110 of the most' irnportmt  terms to evaluate when 
satellite  rttditttion data hecorne tlvdable, and of course, i t  
will be important t'o compare these  evtlluations of t'he 
generation term with  thc observed  variations  in :lv:d:lble 
potential  energy. At present,  however, sonle  cnlculations 
of t,lle energy  generation  term can  bc rnade from indirect, 
estinlates of heating on :L hemispheric  scale (TViin-hXhn 
and  Brown [ 151). 

The conversion term (equation(9)) i s  also of consider- 
able  interest' in understanding  the  time  variations of both 
kinetic :md avni1:tble potential energy. From  data  kindly 
provided by  A. Wiin-Xielsen, some evaluations of this 
term  have  been  made.  These dut:t are  based  on  initial 
vertical  motions  and  thicknesses  available as :L by-product 
of the  operational  baroclinic nurneric:d prediction  cdcu- 
lntiorls of the JNWP  Unit .  Tllcse data were used by both 

Wiin-Nielsen [ 141 and  Saltzrnan  and  Fleisher [lo] to obtain 
calculations of this  energy  conversion  term. 

Expressions  for  conversion and  generation of zonal and 
eddy components ol  :tv:tilahle potential  and  kinetic  energy 
are also given by 1,orenz [4], but  i t  is beyond  the scope of 
this  paper to  present d l  of them here. It is pertinent, 
however, to write  the expression for the conversion  between 
z o r d  and eddy  ;tvtdnl)lc  potential  energy, CA, which is :ts 
folloms : 

(12) 
where e is  potential  t'crnperature, * denotes a deviation 
from a latitudinal aver:tge value, and [ 1' denotes  a  devi- 
ation of :L htitudinal  average vtlluc from  the  mean  value 
over t h e  entire  isobmic  surface. I t  will be noted  that 
b:lsicdly  this conversion  involves t'lle products of t,he 
horizontal  trmsport of sensible heat  and the north-south 
ternpcntture  gradient  and of the  vertical  transport of heat 
and the vertical  tenlpcraturc  gradient. 

In  the discussion t!lat follows only  the  northward hettt 
t,ransport itself is calculiated. This  transport, H, tlcross a 
given latitude circle, +,,, in :t layer bet'ween two  const:rnt 
pressure  surfaces, p, and p,, is  obtained  through  the follow- 
ing  approxitnate expressiorl : 

(13) 

wllere a is  the  radius of the earth, c,  is the specific  hettt ut 
const'unt  pressure, u is the meridiord wind  component, and 
X is  longitude. In  the  evduation of (13), pa is  tnlwn tts 

850 mb. and p l  :is 500 mb., v* and T* are average  values 
in t,he layer 850-500 rnb., and the summation is over 72 
intervals of Ax,  or 5' of longitude,  around the latitude 
circle. Further trc:rtrnent of t'lle assumptions used in  this 
c:tlcul:ltion, irlcludirlg the m e  of geostrophic flow, has 
t t lredy been given  elsewhere (Winston  [IS]). 

3. DESCRIPTION OF THE  ENERGY  CYCLE  AND  VARIA- 
TIONS  IN  PARAMETERS  ASSOCIATED  WITH ENERGY 
CONVERSIONS 

The  day-to-day  variations of t'hc available pot'erlt,ial 
energy, and it,s  zonal mt l  eddy components for the period 
of interest' are shown  in figure 2 .  I t  may be seen that 
the 111ajor c>-cle of buildup  and  breakdown  in t'hc total 
available  potcnt'ial erlergy between Decenlbcr 24 arid 
,January 7 nluinly  rcflectetl the v:triation in  the zonul corn- 
ponent of ttlc nvuilublc potenti:ll  energy. This is esserl- 
tinlly  intlic:ttire of the  buildup of strong  thermal  gradients 
between latitude circles up to tt peak on Jttnu:q-  I,  which 
was then I'ollowed by a, very substantid breakdown in 
these t~llerrllnl gradients  between  January 1 and 10. The 
edtly available  pot'cntial  cnergy  remained a t  a nearly 
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FIGURE 2.-Available potential cwcrgy, kinetic  energy,  and the 
zonal and  eddy  components of each for the  period  1)ecclnber 21, 
1958-January 13, 1959. All quantities  computed once daily a t  
0000 GMT. 

constant, low level until  December 29 arid then began :t 
general  rise culminating  in t~ peak  value on January 4, 
when t'he  zonal  available  pot,erltitd  crlcrgy was falling 
precipit'ously.  Following this  n~tlxi~num  the  eddy avuil- 
able energy dropped  at R rapid rate to  reach IL nlinimum 
on January 7, but  a  rapid  rebound  brought  it  to  values 
only  slightly  less than  peak  vdues between Jnrluary 8 and 
12, when the zonal  component  reached  its  nrinimunl  value. 

This  overall  behavior of t'he etltly rclative  to  the  zonal 
component of the  available  potential  energy  suggests very 
strongly t'hat  the  increased level of eddy  available energy 
was derived from t'he zonal  available  energy. Tn other 
words, strong  thermal  gradients  dcveloped within, latitude 
circles at  the expense of the  t'hcrnlal  gradients between 

6000 

5000 
I - 
I 
0 

4 0 0 0  

U 
_I 

0 
3000 

- 
2 

2 0 0 0  

1000 

2.0 
c - 
I 
V 

1.5 
N 
I 
2 

1.0 
W 
L1L 
W 

c, 0.5 - 0 
. 0.0 

a 7 6ooo 
A 

I u 

4 5000 

I 
7 3000 

4 2000 

4 IOoo 

I 

- 2.0 

4 1.5 

I .o 

- I  ENERGY CONVERSION 

/ 
0.5 

/ 
V I  I I I I I I I I I I o , o  

22 24 26 28 30 I 3 5 7. 9 I I  i3 
DEC. 1958 JAN. 1959 

E'IGPRE: :3.-(a) Total heat transport  across  all  latitudes from 
'LOo X. Ilorthwud, anti (b) the conversion brtwccn available 
potrntinl a n t i  kirrctic energy  (positive for conversion to  kinetic 
c.llclrgy), for the  period Tlecernbcr 21, 1958-January 13, 1959. 
Both qnnntitirs computcd once daily a t  0000 GMT. Portion of 
c'rlcrgy conversion curvc  prior to  Ikcernber 26 is dashed  since 
ronversion  data  w'rr  unavailablc for Ilecernbclr 23 and 25. 

latitude circles. This is supported  by the variation of 
the  total  northward heat transport'  (surrmed  over  all 
latitude circles)  wllich is shown  in figure 3. S o t e  that 
hcut  transport W R S  at  a relatively low  level  during t'ho 
buildup of zonal  available  potential  energy, hut spurted 
rapidly  upward ut the time when t h o  zonal  available 
encrg>7 began to  decline  after J:muttry 1. In view of the 
direct role that h a t  trmsport,  plays  in  the conversion 
from zorlal to eddy available  potential  energy  (equation 
(12)) there is little doubt t~hat~ this  increase  in  heat  trans- 
port  after  January 1 signified a marked increase  in  t'his 
entrgy conversion. 

Turning  to t l l c  kinetic  cnergg vari:ltions in figure 2 ,  it  
is  seen that the total  kinetic  energy also went  through a 
cycle at  this  time,  but  it was alrnost  completely dominated 
by the vtlriations  in the eddy kinetic  energy.  Note  that 
the eddy ( a n d  total)  kinetic  energy  generally  increased 
lor more  than a week before reaching  a  maximunl bet'ween 
about January 6 and 7, more th:m 2 days later  than the 
peak  in  the  eddy  avtlilable  potential  energy. Thus the 
next  st'ep  in  the  energy flow, t'he transforrnation from 
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eddy  available t80 eddy  kinetic  energy (see fig. 1) evitlently 
occurred. 

As for the  final  step  in  tllc  typical energ>- flow, the con- 
version from  eddy  kinetic t'o zond kinetic  energy,  thcrc 
appears  t80 be very  lit&  evidence  that an?; apprcciable 
increase  in  conversion to zonal  kinetic energy was realized 
in  this  period  since  the  zonal  kinetic  energy showed rather 
small  time  variations. lherc  mas, l l o ~ e v e r ,  a. meak 
maximum  in t'lle zonal  kinetic energy on January 6, ahout' 
the  same  time  as  the  maximum  in  the eddy kinetic encrgy. 

The conversion  bet'ween t o t d  available 1)Otentiill and 
total  kinetic  energy  shown  in figure 3 generally  verifies 
the  increased flow of energy  from  available  pot'ential  to 
kinetic  during  t'he  first  several days of Jmunry. c'onl- 
parison of this  conversion  with  the  time  changes  in  total 
kinetic  energy  that can be deduced  from figure 2 shows 
that  they were  generally  related  in  t'he  dircction  irrtlicut~ed 
by  equation (8); i.e., the conversion  t'erln  tcrrded to be 
larger  when  kinetic  energy was rnarkedly  increasing ant1 
smaller  wllen  kinet,ic  energy was rnarked1.v decreasing (on 
the  asslmlptmion  t'hat D always acts  to decre:tsc Binctio 
energy and  that'  it' does not, vary  nearly so rnuch as thc 
conversion term). 

I t  is interesting  that  the t'irrle variation of t'he convcr- 
sion term,  which is a function of t8he  spat'ial  covariance 
between  vertical  motion  and  temperature,  appears  to .be 
rather well correlated  with  the  variations  in totd  heat 
transport,  which is R funckion of the  spatial  covariance 
bet.ween meridional  motion :rnd ternpcrtrture. This 
tends  to  verify  t'he  deductions of Kuo [ 2 ]  that  northward 
heat  transport  (and  hence  conversion lrom zonal  to eddy 
available  potent'ial  energy)  and  conversions from potential 
to  kinetic  energy must  be closely related. H o ~ c v e r ,  
despite  this good correspondence  in  these  quantities,  the 
actual curves of eddy  available  and eddy kinc.tio cnergy 
(fig. 2 )  are iInperfect81y corrclutcd,  pnrticularl\- IWILI' tllc 
t,irrle of mtmirnurn values  in  the  two  eddy  conlponents 
(January 3-9). In  fact ,  a secondtlry  nlinirnurn in ccltly 
available  pot'ent'ial  energy  occurred on January 7, very 
close to  the nlaxirnunl  in eddy kinetic  energy. The 
explanat'ion  for  this  lack ol agrecrncnt  probably lies in  the 
behavior ol  the  generation of eddy av;dublc  potcntinl 
energy  which apparently was responsible lor the  downturn 
in eddy available  energy  between  tJanunry 3 ant1 7. Sornc 
evidence lor  this will he preserrt'ed in  the following sections. 

4. THE  GENERATION OF AVAILABLE 
POTENTIAL ENERGY 

r \  

I t  was indicated etwlier that' for a closed region the 
available  pot'ential energy can ehangcl due  to  either :1 

conversion term,  depending or1 R correlation twt\ve.tm 
vert'icsl  motion  and  tenlperat'urc, or a generation term, 
depending on a corrchtion bet'wccn  diabatic,  heating : n l d  

t'emperature  (equat'ions ( 7 ) ,  (9), (10)). Tlrc v:iri:ttions 
of the conversion  t'erm have  itlrcdy been shown (fig. 3 )  and 
discussed above.  Alt8hougll  readily  cornputed  through 
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13, 1959. Quantities  computed once daily  at 0000 GMT. 
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FIGURE 5.-Observed and  computed  available  potential  energy  for 
the prriod December 27, 1958-January 13, 1959. 

January 1959, was  the  latit'udinal  hcat'ing gradient. 
Apparently  the  heating  within  1at)itude circles, which 
repre,sents the  heat,ing  associated  with the long p1unct:try 
waves and transient  dist'urhances,  served  only to reduw 
t'he available pot'cnt'id  energy. 

AS part of t'he study of the cycle in  iLvdnblc  potentid 
energy treated in this  report, it' was felt  to  be of interest' 
to compare the  interdiurnal  variation of t'he  generation 
term  and  it's zonal and  eddy cornponerlts wit'h that  of t,hc 
available potential  energy. For t'his purpose  Wiin- 
Nielserl has  kindly ln tde  his computations  for J a n u : q -  
1959 available to us and  these  have  been  combined  with 
similar computations made in the Aleteorologicd  Satellite 
Laboratory for t'he  period Dccernbcr 27-31, 1955. 

The time  variations of tbcse  energy  generation t m n s  
arc sllon-n in  figure 4. As C : H ~  be seen, the zonal genera- 
tion was always  positive, seltlorn dropping  below :Z units, 
while t'he  eddy  generation W I M  predon1in:rntly negative, 
averaging  f'requently  below "2 unit's. The tot'nl genera- 
t'ion,  while  usually positive, was occasionally  negat'ive, 
prrticularly  between  January 4 and 7, indicating that' the 
heating field even in wirlter  can a t  t'inles act' t80 destroy 
available potentid  energy. Of p:trt~icular  interest for 
this  study  was  t'he  similar  behavior of t'hc generation 
term and  the  total  available  potential energy (fig. 2 )  
between December 27 and  January 7. Bot'lr curvcs 
increased very rnarlwlly a t  the hcgirlrlirlg of t8he  period 
with the  generation term reaching :L rnwxirrlunl of' 7x lo3 
ergs cnl.?' sec." about two days prior to the mnsirnuln 
in the  available  potent'ial  energy. At' this  time  the  cdtly 
generation was srrlnll so that t'he total was  nearly equd 
to t,he zonal co~nporlent., reflecting n pretlominant~ly 
latitudinnl  Ileat'ing  distribution. Also significttnt  is the 
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fact that  the generation tcrm rcrllttirletl tihovc 2  units for this  decline w a s  duc  to the sudden drop in  the  eddy gen- 



FIGURE 7.-500-mb. contour  patterns for (a) Decemhcr 26, 1968, (h) January 1, 1959, (c) January 4, 1959, and (d) January 10, 1959. 
Contour  interval is 400 ft .  

eration  t'erm  which fell nearly 6 units  during  the s t m e  
interval.  This was the  result of more intense cold air 
outbreaks  and  the  consequent  heating of polar  air Inttsses 
in  middle and lower  latitudes, as will be  illustrated  in  the 
next  section. The  sudden  dip  in  t'he  eddy  available po- 
tential  energy  between  January 4 and 7 (fig. 2 ) ,  which WLS 

discussed  earlier,  was probably a response t'o this  strong 
lleating  and a direct  consequence of the large  negative 
value of the  eddy  generation.  This W A S  a  period  during 
which the comput'ed  values of bot'h  the  (total)  generation 
and  (total)  conversion  terms  contributed  toward a decline 
in total  available  potential  energy,  agreeing  with  the ob- 
served  decline. It is of interest  in  this  regard  to  compare 
in  more  detail the  computed  behavior of the sun1 of C ,  the 
conversion term,  and G t>he  generation  term,  with  the 

observed  wtriution  in avai1:tble potential  energy  dxring 
this  period. This will now  be  considered. 

Equation (7) may be  integrat'ed  to  give 

A-,=Xn-I+(G--(7)6t, (14) 

where A, is  the  value of avtdable  potential  energy on a 
given day n,, A,-1 is the vnlue a day earlier, and 6t  is  an 
interval of 1 day. Specifying the  value of &,, which has 
been  chosen  here to be  the observed  value of the  available 
potential  energy on December 26, one  can  compute AI 
and all  succeeding  values of 2, for as many  days  as one 
pleases, providing  values of G"C are  available.  These 
computed  values of available  potential  energy  are  shown 
in  comparison  with the observed  values  for  our  period of 



FIGURE 8."700-mb. isotherms for (a) 1)ccembcr 26, 1958, (b) Janu:try 1,  1959, (c) January 4, 1959, and  (d) J:mu:try 10,  1959. Intcrval 
is 5' C. with  area below -25' C. stippled. 

interest in figure 5. It is quite clear tlwt  the increase  in 
available potent'ial  energy  between  December 27 arid 
January 1 is explained  very well by t'hc sum of the genera- 
tion and  conversion  terms,  although  the  cornput'cd  values 
do not rise to as high a maximum as the  observed.  The 
most serious  discrepancy  between  computed mld observed 
values  occurred  aft'er January 3 during  the  period of 
strong  decline in  available  potential  energy.  This 
period was  represented by only  a  weak  decline  in  the corn- 
puted  values,  which  suggests  t'hat  t'he  comput'ed  conver- 
sion term  particularly  after  January 1, while indicating 
the  correct  trend,  was  too  srndl.  This  is  most  likely 
att'ributable to  the  fact  t'hst  the  vertical  velocities used in 
computing C are too  small.  Similar  conclusions were 
were reached by  Palmkn [7],  who  suggested that  the  energy 

602454--61--"2 

conversion  computed  by  this  method  should  be  increased 
by about' 40 percent  or  more. The weak  values of the 
energy  conversion  probably also  reflect the  lack of in- 
clusion of moist  adiabatic processes in t'he vertical  motion 
computations.  Snlagorirlsky [I 11 has indicated  that when 
t'llese are included  the upmud motions  are  found to be 
much  larger  than t'hose  obtairlcd by assuming  dry  adiabat'ic 
motions.  Since  moist  adiabat'ic effects  would  be  expcct'ed 
to be  larger  in  warm air masses, the conversion  from po- 
tential t'o kinet.ic energy would  also be  expected  to be 
larger. 

Despit'e  these  discrepancies,  the  encouraging  fact is t'hat 
such  realistic  estimates of t'he  variations  in  available po- 
tential  energy were obt'ained  from  the  generation  and con- 
version terms,  particularly  since  these  terms were com- 



316 MONTHLY WEATHER REVIEW SEPTEMBER 1961 

puted  on  tlle basis ol rather  restrictive  and  incomplete 
models of the atmosphere. 

5. REGIONAL  AND  SYNOPTIC  FEATURES 
OF THE ENERGY  CYCLE 

The  variations of t'otal  available  potential energ>- sllovn 
in figure 2 were also examined  from mother  point, of' view 
(as contrasted  wit'h  t'he zorlal and  eddy  components pre- 
viously  considered). The  available  potential crlcrgy 
was partitioned irlt'o four  regional  components representtt- 
tive of sectors 90" of longitude wide, stretching  horn the 
pole to 30" N. These four  sectors were  chosen sorllew1l;rt 
arbitrarily,  but  roughly  in  such a fashion as to  cover tllc 
two  oceans and two continents.  The longitutlintll bomlcl- 
aries of each zone and the  portion of the  available po- 
tential  energy  corlt'ributed by each of t'llese zones arc shown 
in figure 6. The most striking €eature of the  variations of 
these  regional  components was that  the major cycle of 
buildup and decline in  available  potential energy showed 
up  only in t'he  component^ of energy in Zone 1 (North 
America and vicinity).  Thus  the  variations  in  thc  avail- 
able  potential  energy for the whole  Nortllern  Hernisptlere 
were basically  dependent;  on the  events  in only  this one 
particular  region. The  domirlnnce of one :~re:r over 
another is not too unusual, of course,  since  differences in 
the types of flow patterns  over  various parts ol the 
Northern  Hemisphere  have  frequently  been  noted ( t s l ' . ,  

Kamias [SI). However the  virtually  complete absencc 
of an energ)- cycle at  this  time  in  three of the four zones is 
quite  surprising,  particularly  sincc  the  total encrgJ- ovcr 
all longitudes  showed  such a large  variation. 

Furt'her  insight,  int'o t,his encrgy cycle  is attaincd 
tllrough  inspection of spopt ic   char ts ,  which  showrtl 
some  interest'ing  dcvelopnlcnts over Koltll Araleriw antl 
also over other portions of the hcrnisphere  during  this 
period. 'I'o i h s t r a t c  these  events, 500-nlb. hcight ttiltl  

700-nib. tcnlperature fields for four selct~tetl tl:t~-s arc 
presented  in figures 7 and 8. 

Confining our  attention at first, rntrinly to  t h c  North 
Anleric.an area, wc see that on December 26, w h t w  avail- 
able  potent'ial  energy  was  at a relatively low v d w ,  both 
over  n'ortll  America  (Zone 1 in  fig. 6) antl over t h e  
hemisphcre as a whole (fig. 2), there was :L rather ill- 
defined circdat'ion  pattern (fig. 7a) wit'h wcttk therlnrll 
gradients (fig. 8a).  Thc high values of avuilnhle  potential 
energy  which  prevnilcd by  January I wcrc cI1ur:tctrrizd 
by a deep cvclonic vortex  over  the C'anadi:m Arctic 
(fig. 7b)  with an associated  extensivc  pool of cold air (fig. 
8b). By Janu:lry 4 a cyclonic vortex wtts located  in 
west'ern Canada, some 20' lnt'itudc  south ol the one in 
figure 7b,  and  t'he broad cyclonic flow to  its sout'h domi- 
nat'ed  most of the United St':Ltcs (fig. 7c). Accompanying 
these  circulation  dcvelopments,  an  extensive  tongue ol' 
cold air covered western  Cannda rtnd was also inrd i r lg  
the  United  States (fig. 8c). This date rnurketl the 
beginning of tlle overall drop  in  avnilable  potent,ial  energy 
over  Kort'll  America (fig. 6) and also the tinac of the 

rrlaxirrlurn in  eddy availtrble pot'ential  energy for the 
Ilcrnisphere and of :L very  rapid drop in  the  zonal  available 
energy (fig. 2) .  Thus  the  southward  penetration of cold 
air  over Sor th  America was one of t'he major instru- 
tnentalit'ies  in the breakdown of tho  strong  supply of 
available  potnntial  energy  that'  had  built  up  over  North 
A I I I C ~ ~ C R  ant1 the hemisplwre as a whole. Undoubtedly  a 
major part of its  cont'ribution to  the energy breakdown 
mas in its  role  in t'he conversion of zonal  available  into 
eddy potmt8iul energy and t'hence into eddy kinet'ic  energy, 
a11 ol which  occurred at  this t'irne (fig. 3) .  

By ttlr? final day in  this sequence, January 10, when 
avnilublc potential  energy over North America (fig. 6) and 
the zon:l1 :tvailable energy for  the 1lemisphcr.e (fig. 2 )  had 
dropped to  relatively low values again,  t,his cyclonic 
vortex was locatctl  near  t'he Gulf of St. Lawrence  with  it's 
rnain  trough  extending down the east'  coast of tmhe  Unit,etl 
States (fig. '7~1). The cold air associated  wit'h  this svstcrrl 
was now definitely weaker thttn before; in  fact,  most of 
the colder air (e.g., tenlperatures below " 2 5 "  e.) over 
Xorth America  had  disappeared (fig. 8d). This  warming 
W:IS untloubtctlly  refieotmive of two processes, one tlle 
tlcsccnt ol the coltl air  which  contributed to conversion 
1ro111 potential to kinetic energy and the  other t'lle heating 
of the cold air  nlass as it  proceeded off the east coast out 
over the  Atlmtic. Verv 1:trge amounts of hcat'ing wcrc 
conIputed 1))~ JT'iin-Nielsen arid Brown [15] on the days 
when t h e  cold air moved off t'he coast' (January .5-6) and 
it is cvitlellt that  the strong 1le:lting o l  this cold air con- 
trihtcd  to  the  strong  negative values of computed  cddy 
generation  on t h e  days (fig. 4). 

Turning t'o other  features of the flow and therrnd ficltls 
it is of interest  to notr  that :I considerable amount of cold 
air  was prcscrrt over  enstern Asia on each of the days 
sllow-11 in figure 8. This wtts  vcry likely  associated  with 
the  relatively lligll lcvel of tlvailuhle potential energy in 
Zonc 2 brtmccn &cenlhcr 26 : t n d  Ja l~uary  10 (fig. 6). 
Also, while it portion ol this cold air was located f:Lrthcr 
wmt in Siberi:t (figs. S a ,  8b), the level of a v d a b l e  energy 
in %on(: 3 WILS fairly  high,  hut :IS most, of' it  rnoved east 01 
L;tke B:Likal (figs. 8c, Stl) a noticeable  drop in the energy 
in Zone 3 occurred. T l ~ i s  more narrow longitudind 
organization of the cold air  near  the Asian  coast  was 
awonlpanied by the  sharpening of the Asinn coastal 
trough su1)sequcnt to  .Jmuary 1 (fig. 7). Although  t'he 
total energy for Zone 2 remained  virt'ually  the same, 
cotnputations of longitudinul  contributions  to  the nort'h- 
ward heat,  trarlsport'  (Winston [Ifi]) showed that'  sub- 
stantial  heat  transports wcrc effccted by the Asian coastal 
trough  subsequent  to  Janunry 1. This signified that 
incrr:Lscd transformations  from  zonal  to cdt fy  available 
energy occurred  in  this zone during  the period of devclop- 
lnent of incwasetl  eddy  cnerg\-in January (fig. 2). Thus, tle- 

spite  thc  lack of a cycle in  the  overall energy, it  appears t h t  
ctld~-%onc 2 (eastern Asia to  the cast,  ccntrttl  Pacific)  did 
contribute toward the increase or maintenance of eddy 
t'llcrg?'. 
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FIGURE 9,"Latitudinal profile of (a) temperature  and (b) zonal wind spred for Tkxenlber 26, 1058 (dashed),  January 1, 1959 (solid), and 
January 10, 1950 (dottrd).  

Finally i t  is wort'h  noting  that  the  overall hemispheric 
flow pattern a t  the end of the energy cycle (J:Lnu:uy 
10, fig. 7d) consist'cd of lour  major,  large-atrnplitudc T V I L V ~ S  

with  largo  cyclone  centers  in  middle  latmitudcs. As in- 
dicat'ed in figure 2 ,  this was a day of nlininlum  zonnl 
available potential  energy,  but  with  lairly  large etltlv 
available potential  energy.  This pattern is to  be  con- 
t'rast'ed with (1) the more heterogeneous (although  nlainly 
zond) flow pattern of December 26 (fig. 7a), before zorlill 
avnilable energy started inc,reasing; (2) the  zond flow at 
higher latit,udes  surrnount'ing 1:trge-unlplitude W ~ W S  at 
lower latit,udes of Jnnut~ry 1 (fig. 7b), when zonul availnl>lc 
energy was a t  it8s  peak  and edtly :~vnilahlc energy was 
building up; and (3) t,hc pattern of increasing w ~ t v e  
arnplit8udes on January 4 (fig. 7c) when zonal avai1:J)le 
energy was dropping  rapidly  and eddy avnilttblc energy 

The latitudinal profiles of zonal  wind  and  tetrlpcrtlt~urc 
for t'hc  whole  hemisphere for three of these days  sum- 
nlurizc some of the differcnc,cs at these  diflerent  stngcs 
further (fig. 9) .  Note thittm at' the  lwginning  (Decenlber 
26) and emd (January 10) of the cycle  there were rnthtr  
broad  zones of westerlies  wit'h mtximum speeds locatctl 
near  latit'ude 35'. The flow at  the end of the cvcle  was 
generally weaker than  at  the  beginning except  south 
of 30'. By way of cont'rtlst8 the westerlies on January 1 
were concent'rat'cd  in n narrow zone in rnidtllc ltltitudes 
(peak near 50') wit'h a definit,e  nlinirnum in  the flow near 
35' and a secondary n1:lximurrl near 25'. Thcse profiles 
are roughly  characteristic of t8he zonttl  wind dist>rihutions 
a t  various  phases of the index  cycle (cf., N:mias [ 5 ] ) ,  
but it is worth pointing  out,  that  the profile for January 1 

was a t  i t  peak. 

,does not  represent n case of ext,rclnely high zonal  indcx 
(in  latitudes 35"-55' X.). 

'Phc thcnl1:~l profiles show  rather  definitely  that  the 
ped< z o n d  :Lvnil:rtblc energy (January I )  was marked by 
rnthcr  low  tenlperatures north of 5 5 O ,  a cooling of up to 
5' (1. fro111 Ilccclnbcr 26. 'Phis high-latit,ude cooling 
during :t periotl when the westerlies  were  strengt'hening 
ncar  latitudes 45'-55' was essentially  the  same  type of 
dcvclopn~erlt which  Narnias [5] described as  containment 
of cold air  in  the  polar cap during  periods of strong 
westerly flow. B r  January 10, when  thc  zonal  available 
c~lcrgy w a s  at its  lowest,  tenlpcratures  wcrc  considerably 
Ilighcr north of 50". The  out,flow of cold air  into  middle 
:mtl lowcr  l:ttit,udes in  connection  wit,h  the conversion 
of zond av:tilable into ccltly available energy is  strikingly 
clctlr. Or puttillg  it nnot'hcr way, the eficct's of the 
incm:tsetl lmtt  tr:tnsport's subscquent  to J:muary 1 were 
quit'e  rnnrkcd in t'he  reduction of t8he nort'hwarcl thermal 
grtttlient. 

6. SUMMARY 

This observed  cycle of a v d a b l c  potential  energy  lor 
tho  Sort'hern  Hemisphere possessed n lany  characteristics 
which had been d t d r 1 c c d  from previous  evaluations of 
so111e long-period nvc'rages of encrgy p:mrtrnetmcrs and 
energ>* conversion  terrrls. The buildup  in  zonal  available 
energy t'o :L high vttlue  ;uld t,hcn  its  subsequent,  breddown 
wit8h the acconlpmying  conversion  into  eddy  available 
potenti:d and eddy ltinet'ic  energy have all  been  clearly 
tlcnlonst~rated. There was, however, little if any  reaction 
to this  potential  energy cycle in t'he zonal component of 
t'hc  kinetic c~~ergy .  T h o  fttct that  estimates of energy 
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conversion and encrgy  generation  obtained from ad- 
mittedly  crude  atmospheric rnodcls  showed rat’her good 
correspondence  with  the  observed  short-period  variations 
in  the  various  cnergy paramet’ers W:LS cspeci:dly  irltcrest- 
ing. The  partition of avnilddc pot’ent’ial  energy on a 
regional  (longitudinal)  basis showed that this clear-cut8 
cycle in  hemispheric  available  potential cncrgy was 
domirmted t’o a rcmtlrliable est8ent8 by events in only 
about’  onc-quarter of the llemisphcre.  Investigations of 
the synoptic  aspects of this energy c ~ d e  showed that  this 
dorninarlcc by one rcgion (Sorth America :ml vicinity) 
was assoc,iated  wit’h t#he  development of cold air over thc 
Canadian  Arctic :md then  thc  subsequent’  southw-:ml 
penetration of t’his  large mass of cold air  into  t,he  Vnitcd 
St,at,es  and out ovcr t’he At1:mtic.  Obviously this signifies 
that  studies of atmospheric energet’ics requirc close atten- 
tion to geographical  and  synoptic-scale influences. 

Although  this  cycle  displayed 1n:m-y clumtcteristics of 
the idealized energy  cycle, it, should not’ be  concluded that 
this  observed  cycle is truly  typical of most 1arge-sc:lle 
energy  cycles. Cursory inspection of an  nccun1ulating 
record of available  potential energy over nlore  than a 
year  indeed  reveals that large-scale  variations of the zonal 
and eddy  components of thc  potential  energy occur i n  a 
varietv of ways. S tudy  of the  ntlture of other 1nrge-sc:lle 
changes in the energy  is  conternplated,  p:Lrticululy  with 
respect to  probnblc differences in  the  lnmner  in which the 
potential  energy  is  generat’ed. 
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